and Pseudomonas aeruginosa (4). Some strains of the latter, particularly those isolated from cystic fibrosis patients, synthesize the exopolysaccharide in copious amounts (16) during exponential growth on various carbon sources. During growth on glucose, at least half of the dissimilated sugar appears as alginic acid. It is curious that the biosynthetic pathway of this major metabolite has not been worked out.
Alginic acid is a polymer of selectively acetylated D-mannuronic and L-guluronic acids secreted by strains of Azotobacter vinelandii (5) and Pseudomonas aeruginosa (4) . Some strains of the latter, particularly those isolated from cystic fibrosis patients, synthesize the exopolysaccharide in copious amounts (16) during exponential growth on various carbon sources. During growth on glucose, at least half of the dissimilated sugar appears as alginic acid. It is curious that the biosynthetic pathway of this major metabolite has not been worked out.
Based on a proposal by Lin and Hassid (10), a pathway of alginate biosynthesis has been suggested to operate in P. aeruginosa (20, 22) as it operates in A. vinelandii (21) . The basic feature of the pathway is the conversion of the glycolytic intermediate fructose 6 -phosphate to mannose 1-phosphate via mannose 6-phosphate through the enzymes phosphomannose isomerase and phosphomannose mutase, followed by the formation of GDP-mannose which is subsequently oxidized, polymerized, epimerized, and acetylated to alginic acid.
We describe here results of some of our experiments with resting-cell suspensions of mucoid P. aeruginosa that permit synthesis of alginic acid from several precursor compounds such as sugars, dicarboxylic acids, etc. We have examined in this system the synthesis of the polysaccharide in mutants affected in various enzymes of carbohydrate metabolism. Our results indicated that triose phosphates or their condensation product, such as fructose 1,6-diphosphate rather than mannose 6-phosphate, serve as the precursor of alginate in a mucoid cystic fibrosis isolate of P. aeruginosa.
MATERILS AND METHODS
Stock cultures. Mucoid strain FRD1 of P. aeruginosa was isolated from the sputum of a cystic fibrosis patient. A histidine auxotroph isolated by mutagenesis with ethyl methane sulfonate (17) and designated FRD7 was used as the strain in which further mutations were derived. Cultures were maintained on LB agar plates (12) , and stocks were stored in sterile skim milk (10 g/100 ml) at -35°C. Mucoid bacteria require frequent transfers to prevent outgrowth by nonmucoid derivatives; cultures were transferred every 4 days. Incubation was at 37°C unless mentioned otherwise.
Isolation of mutants. For the isolation of sugarnegative mutants, a single mucoid colony of FRD7 was grown overnight in the synthetic medium described by 238 Ohman and Chakrabarty (17) (17) .
The mucoid parent strain FRD7 was prone to become nonmucoid during mutagonesis and antibiotic selection particularly when the alginate-promoting growth medium (17) (8, 9) . Phosphomannose isomerase was assayed by the method of Kang and Markovitz (6) . All other enzyme assays have been described previously (11) . Reactions were conducted in 1-ml cuvettes in a Gilford 2600 spectrophtbtometer system at 340 ntn. Cell extracts were prepared by sonication in 50 mM potassium phosphate buffer (pH 7.4) containing 0.5 mM EDTA and 0.2 mM dithiothreitol, followed by centrifugation at 15,000 x g for 10 min. For the assay of 6-phosphogluconate dehydrase and phosphomannose isomerase activities, EDTA was omitted. Results for enzyme assays have been expressed as milliunits of enzyme activity, i.e., nanomoles of substrate consumed per minute per milligram of protein.
Chemicals. 2-Keto 3-deoxy 6-phosphogluconate aldolase was prepared from Pseudomonas putida PRS2015 by the method of Meloche et al. (15) . The first (NH4)2SO4 precipitate was used as the source of the enzyme.; it was free of dehydrase activity. 2-Keto 3-deoxy 6-phosphogluconate was prepared from glyceraldehyde 3-phosphate and pyruvate by using this aldolase preparation (14) . All other enzymes and substrates were from Sigma Chemical Co.
RESULTS
Synthesis of alginate by resting ceils of wildtype strain. Results in Fig. 1 The mutant lacking glucose 6-phosphate dehydrogenase was characterized additionally by a very slow rate of growth on fructose; it failed to make visible colonies in 2 days. Longer incubation led to a faint growth on fructose plates. Mutants lacking the dehydrase and the aldolase of the Entner-Doudoroff pathway were impaired iti growth on most substrates, the dehydrase mutant being glycerol positive (2) .
The growth of mutants in a permissive medium was inhibited by the addition of an impermissive carbon source such as gluconate. This was found to be associated with the accumulation inside cells of deleterious levels of substrates of the blocked reaction. This is illustrated for the mutants lacking the dehydrase and the aldolase (Fig. 2) . The wild-type strain in contrast had much reduced amounts of these metabolites. The results showed that the enzyme activity measured in cell extracts reflected the situation in vivo; the dehydrase mutant accumulated 6-phosphogluconate, whereas 2-keto 3-deoxy 6-phosphogluconate accumulation was observed in the aldolase mutant. In contrast, mutants lacking glucose 6-phosphate dehydrogenase were not found to accumulate glucose 6- Thus, the phosphoglucose isomerase mutant synthesized alginic acid from all the sugar precursors except mannitol. The glucose 6-phosphate dehydrogenase mutant synthesized the polysaccharide from all but mannitol and glucose. In the mutants affected in the EntnerDoudoroff dehydrase and aldolase ( Fig. 3C and  D) , the synthesis from gluconate was arrested as well. Glycerol permitted synthesis in all the mutants, and so did fructose; however, in the dehydrase mutant, the synthesis from fructose was found to plateau off after 4 h. This was seen in another independent isolate of the dehydrase mutant. Since the dehydrase mutant accumulated 6-phosphogluconate (Fig. 2) , it is possible that the cessation of alginate synthesis from fructose in the dehydrase mutant reflected the inhibition of some step in alginate biosynthesis by a metabolite that accumulates in the dehydrase mutant rather than a metabolic block that prevents the flux of the sugar along the pathway of alginate biosynthesis. The Figure 4 depicts the kinetics of alginate synthesis in resting-cell suspensions of these two mutants. Althodgh alginate synthesis continued as in the wild-type strains from sugars, glycerol, or gluconate, no synthesis was observed from either glutamate or succinate in these mutants. This result indicated that glyceraldehyde 3-phosphate must be generated by way of the glyceraldehyde 3-phosphate dehydrogenase reaction so that gluconeogenic precursors may synthesize alginic acid in mucoid P. aeruginosa. Together with the results in Fig. 3 (20, 21) .
DISCUSSION
The experiments with sugar-negative mutants of P. aeruginosa reported here revealed an unexpected feature of alginic acid biosynthesis ( Table 2 ). The primary role of the Entner-Doudoroff pathway enzymes in the synthesis from glucose, gluconate, and mannitol is evident. The role of these enzymes in the metabolism of carbohydrates in P. aeruginosa is also well documented (19) . This shows that the alginate biosynthetic pathway deviates from the route of carbohydrate breakdown only after the hexose skeleton is cleaved into three-carbon intermediates. Is metabolic conversion of glyceraldehyde 3-phosphate along the Embden-Meyerhof pathway or that of pyruvate along the tricarboxylic acid cycle required for alginate biosynthesis? Work with mutants lacking the enzymes 3-phosphoglycerate kinase and glyceraldehyde 3-phosphate dehydrogenase provides important clues to this question. Results in Table 2 show clearly that glyceraldehyde 3-phosphate is an intermediate in the biosynthesis of alginate from gluconeogenic precursors. The observation that both the 2-keto 3-deoxy 6-phosphogluconate aldolase and the glyceraldehyde 3-phosphate dehydrogenase reactions need to be executed from the direction of either carbohydrate catabolism or anabolism points to glyceraldehyde 3-phosphate or a compound metabolically derived from it, such as fructose 1,6-diphosphate, as the precursor of alginic acid in P. aeruginosa. (20) and ours. The metabolism of mannitol and fructose has been suggested by the work of Phibbs et al. (19) to proceed by the pathway shown in Fig. 5 . The growth properties of mutants described in this work are consistent with the proposed pathway. If mannose 6-phosphate produced from fructose 6-phosphate by phosphomannose isomerase were the precursor of alginate, its synthesis from mannitol would have been unimpaired in phosphoglucose isomerase mutant; so would have been the synthesis from glucose in the glucose 6-phosphate dehydrogenase mutant. The fact that glucose fails to elicit synthesis in this mutant shows that glucose 6-phosphate is channeled not via phosphoglucose isomerase but rather through the Entner-Doudoroff pathway (Fig. 5) .
That none of the six enzyme deficiencies (Table 2 ) affects the synthesis from glycerol and fructose suggests strongly that these two precursors follow a metabolic pathway to alginate that is not used during the metabolism of glucose or gluconate. The loss of 2-keto 3-deoxy 6-phosphogluconate aldolase had practically no effect on alginate synthesis from either glycerol or fructose, whereas that from glucose or gluconate came to a halt. Together with the pattern of fructose metabolism suggested by Phibbs et (19), this result may mean that fructose is also metabolized via fructose diphosphate aldolase to produce the precursor of alginate biosynthesis. Glycerol metabolism also culminates in the production of glyceraldehyde 3-phosphate as depicted in Fig. 5 through glycerol kinase, aglycerophosphate dehydrogenase, and triose phosphate isomerase (2) . It would be interesting to examine the behavior of mutants lacking fructose diphosphatase and fructose diphosphate aldolase. Loss of the former enzyme should not affect alginate synthesis from fructose, since triose phosphates can be produced directly (Fig. 5) . Loss of fructose diphosphate aldolase, on the other hand, should serve to define the alginate precursor as being a triose or hexose; if a triose, then glycerol but not fructose would permit synthesis in a double mutant lacking both the fructose diphosphate aldolase and any of the enzymes of the Entner-Doudoroff pathway. If the precursor is a hexose, such a mutant would make alginate from fructose but not from glycerol. The critical role of fructose 1,6-diphosphate during alginate synthesis from mannitol, glucose, or gluconate will be the subject of a future communication. 
